An enigmatic step in de novo formation of the autophagosome membrane compartment is the expansion of the precursor membrane phagophore, which requires the acquisition of lipids to serve as building blocks.
Introduction
Autophagy is the bulk degradation-recycling process that plays crucial roles in the maintenance of cellular homeostasis in eukaryotes (Choi, Ryter, & Levine, 2013; Levine & Kroemer, 2019; Mizushima & Komatsu, 2011; Reggiori & Klionsky, 2013) . Upon the induction of autophagy, a portion of the cytoplasm is sequestered within the double-membraned autophagosome compartment and transported to lysosomes (Lamb, Yoshimori, & Tooze, 2013; Mizushima, Yoshimori, & Ohsumi, 2011) . Autophagosome biogenesis begins with the nucleation of the phagophore (also called the isolation membrane) adjacent to the endoplasmic reticulum (ER), followed by the expansion of the phagophore into a large cup-shaped doublemembraned structure, resulting in the engulfment of bulk cytoplasmic constituents of various sizes ranging from protein molecules to organelles. Notably, the edge of the cup-shaped phagophore is associated with the ER (Hayashi-Nishino et al., 2009; Uemura et al., 2014; Yla-Anttila, Vihinen, Jokitalo, & Eskelinen, 2009) , and this association is maintained during phagophore expansion (Graef, Friedman, Graham, Babu, & Nunnari, 2013; Suzuki, Akioka, Kondo-Kakuta, Yamamoto, & Ohsumi, 2013) . This intimate spatial relationship has led to the hypothesis that the ER feeds the phagophore with lipids, enabling phagophore expansion (Tooze & Yoshimori, 2010) . The phagophore is enriched with the lipid molecule phosphatidylinositol 3-phosphate (PI3P) (Cheng et al., 2014; Obara, Noda, Niimi, & Ohsumi, 2008) , whose role is to recruit the PROPPIN family PI3P effectors Atg18/WD-repeat protein interacting with phosphoinositides (WIPIs) (Atg18 in yeast and WIPI1-4 in mammals) (Barth, Meiling-Wesse, Epple, & Thumm, 2001; Dove et al., 2004; Mercer, Gubas, & Tooze, 2018; Proikas-Cezanne, Takacs, Donnes, & Kohlbacher, 2015; Proikas-Cezanne et al., 2004) and the Atg18/WIPI-binding protein autophagy-related 2 (ATG2) (Atg2 in yeast and ATG2A/B in mammals) Obara, Sekito, Niimi, & Ohsumi, 2008; Shintani, Suzuki, Kamada, Noda, & Ohsumi, 2001; Velikkakath, Nishimura, Oita, Ishihara, & Mizushima, 2012; Wang et al., 2001) . Yeast studies have shown that both Atg18 and Atg2 localize exclusively to the phagophore edge and are required for phagophore expansion (Gomez-Sanchez et al., 2018; Graef et al., 2013; Suzuki et al., 2013) , and mammalian studies have echoed the importance of ATG2A/B in phagophore expansion (Kishi-Itakura, Koyama-Honda, Itakura, & Mizushima, 2014; Tamura et al., 2017; Velikkakath et al., 2012) . However, the mechanism through which these proteins enable membrane expansion remains unknown (Mizushima, 2018) .
We recently characterized the structural and biochemical properties of the human ATG2A-WIPI4 complex . The 1938 residue-long ATG2A is folded into a 20 nm-long, 30 Å-wide rod with both tips composed of Pfam database-registered conserved domains: a "Chorein_N" domain at the Nterminus of one tip (referred to as the N tip) and an "ATG2_CAD" domain in the middle of the sequence of the other tip (referred to as the CAD tip). Chorein is one of vacuolar protein sorting 13 (VPS13) family protein that function at contact sites between various organelles (Kumar et al., 2018; Lang, John Peter, Walter, & Kornmann, 2015; Murley & Nunnari, 2016; Park et al., 2016) ; as the name suggests, the Chorein_N domain is found at the N-terminus of VPS13 proteins (Pfisterer et al., 2014; Velayos-Baeza, Vettori, Copley, Dobson-Stone, & Monaco, 2004) . The ATG2_CAD domain is unique to ATG2, and WIPI4 is tightly bound adjacent to the CAD tip (Fig. 1A) . The yeast Atg2-Atg18 and the rat ATG2B-WIPI4 complexes exhibit similar overall shapes, suggesting that the structure is evolutionarily conserved and, therefore, likely important for the function of these complexes Zheng et al., 2017) .
Indeed, each tip of the ATG2A rod can bind to a membrane, and simultaneous membrane binding of both tips results in tethering the two membranes ~10-20 nm apart , the typical distance observed at various organelle contact sites (Gatta & Levine, 2017) . ATG2 proteins rely on packing defects in the membrane bilayer to effect membrane binding: Atg2 associates with giant unilamellar vesicles containing phosphatidylethanolamine (PE), a lipid molecule with a small head group that introduces packing defects (Gomez-Sanchez et al., 2018) , as well as small unilamellar vesicles (SUVs) (Kotani, Kirisako, Koizumi, Ohsumi, & Nakatogawa, 2018) , whose high curvatures create packing defects (Harayama & Riezman, 2018) . ATG2A also associates tightly with SUVs but only weakly with large unilamellar vesicles (LUVs) , whose lower curvatures create fewer packing defects.
In correlation with the strength of the interactions, ATG2A/Atg2 tethers SUVs ( Fig. 1B) Kotani et al., 2018) , and ATG2A cannot tether LUVs (Fig. 1C ) . However, the ATG2A-WIPI4 complex can mediate homotypic tethering between two PI3P-containing LUVs as well as heterotypic tethering between a PI3P-containing LUV and a PI3P-free LUV ( Fig. 1D ) , presumably because the N tip has affinity to LUVs and WIPI4 can direct the CAD tip to the PI3P-containing LUV. These data led us to propose that the ATG2A-WIPI4 complex tethers PI3P-positive phagophores to neighboring membranes, such as the ER and vesicles . This model is supported by yeast studies concluding that the Atg2-Atg18 complex mediates the ER-phagophore association (Gomez-Sanchez et al., 2018; Kotani et al., 2018) . ATG2 contains two additional conserved regions: an "ATG_C" domain, also registered in Pfam and located at the end of the C-terminus; and another short region preceding the ATG_C domain ( Fig. 1A) . Despite the name, ATG_C domains are also found in VPS13 proteins and are responsible for the localization of both ATG2A/B and VPS13 proteins to lipid droplets (Kumar et al., 2018; Tamura et al., 2017) . Consistently, the ATG_C domain of ATG2A/B is dispensable for autophagy (Tamura et al., 2017) . In contrast, the region preceding the ATG_C domain is required for the localization of ATG2A/B and Atg2 to phagophores (Kotani et al., 2018; Tamura et al., 2017; Velikkakath et al., 2012) . This region, referred to as the C-terminal localization region (CLR), contains amphipathic α-helices that can associate with membranes Kotani et al., 2018; Tamura et al., 2017) . The CLR of yeast Atg2 is required for the membrane tethering activity of this protein in vitro (Kotani et al., 2018) but is not required for that of ATG2A, consistent with the structural observation that the rod is the membrane tethering unit of ATG2A . However, no rational explanations have been provided to clarify this discrepancy.
Previous structural studies could not identify the location of the ATG2A/B C-terminus in the electron microscopy (EM) maps, suggesting that the C-terminus is flexible Zheng et al., 2017) . Such flexibility may be advantageous for the C-terminal regions to function sufficiently as localization determinants (Kotani et al., 2018; Tamura et al., 2017; Velikkakath et al., 2012) .
These recent advancements defined the role of ATG2-Atg18/WIPI4 complexes as mediators of the ERphagophore edge association but did not explain the means by which such membrane associations lead to phagophore expansion. The size, overall shape, and membrane tethering activity of ATG2A called to mind tubular lipid-transferring proteins, such as the extended synaptotagmins and the ER-mitochondrial encounter structure (ERMES) complex (AhYoung et al., 2015; Jeong, Park, Jun, & Lee, 2017; Schauder et al., 2014; Wong, Gatta, & Levine, 2018) , which further led us to hypothesize that ATG2A could be a lipidtransferring protein. This hypothesis is strongly supported by a recent study reporting that VPS13 family proteins are lipid-transferring proteins (Kumar et al., 2018) . The crystal structure of the N-terminal fragment of yeast Vps13p revealed a unique structure with a large hydrophobic cavity that can apparently accommodate an unusually large number (~10) of glycerolipid molecules with a broad specificity and transfer those lipids between membranes. Homology modeling suggests that the structure of the ATG2 Nterminus would be very similar to that of Vps13p (Figs. 1A and S1). The VPS13 structure and the ATG2A structure proposed by the homology model fit into the N tip of our previous negative stain EM density map of ATG2A and occupy ~20-25% of the total volume ( Fig. 1A) . The central β-sheet, which serves as the base of this structure, is expected to extend in the C-terminal direction in the full-length protein ( Fig. S1) (Kumar et al., 2018) , which would create an elongated groove-shaped hydrophobic cavity in the ATG2A rod. Such a cavity could accommodate a large amount of lipids, as previously reported for VPS13 (Kumar et al., 2018) .
Lipid transfer by ATG2 could be the fundamental molecular mechanism underlying phagophore expansion. Therefore, we investigated whether ATG2 is a lipid-transferring protein by performing a series of lipid transfer assays with ATG2A. Our strategy for this study was based on the membrane binding/tethering properties of ATG2A described above ( Fig. 1B-1D ). Our new results described below collectively show that ATG2A can indeed transfer lipids between membranes. WIPI4/1-enabled tethering facilitates ATG2Amediated lipid transfer between a PI3P-containing membrane and a PI3P-free membrane. The demonstration of lipid transfer between membranes recapitulating a PI3P-positive phagophore and the ER allows us to propose that ATG2A-mediated lipid transfer drives phagophore expansion.
Results

ATG2A extracts lipids from membranes and unloads the lipids to membranes
Lipid transfer proteins can extract lipid molecules from existing membranes (Wong et al., 2018) . To examine whether ATG2A has such activity, we adapted a lipid extraction assay in which liposomes containing fluorescent lipids (nitrobenzoxadiazole-conjugated PE: NBD-PE) are incubated with proteins, followed by liposome flotation to isolate the lipid-bound proteins (Kawano et al., 2018) . To isolate ATG2A efficiently, we used LUVs prepared by extrusion through a filter with a pore size of 100 nm, because ATG2A would interact only weakly with those LUVs (Fig. 1C ). After incubation of ATG2A with LUVs containing 20% NBD-PE and 80% dioleoylphosphatidylcholine (DOPC), the proteins and LUVs were separated by Nycodenz gradient-based liposome flotation ( Fig. 2A ). Upon centrifugation, the fluorescence signal of the protein-free control migrated from the bottom to the top of the tube, confirming that the LUVs floated ( Fig. 2B and 2C) . Similarly, the top fraction of the sample containing ATG2A became fluorescent, but the bottom remained so as well ( Fig. 2B and 2C ). SDS-PAGE analysis showed that most of the ATG2A proteins were in the bottom fraction ( Fig. 2D ), confirming that ATG2A did not bind tightly to these LUVs.
Native PAGE analysis of the bottom fractions showed that the protein band was fluorescent ( Fig. 2E ), indicating that NBD-PE was bound to the protein. Quantification of the NBD fluorescence ( Fig. 2C ) and protein concentration ( Fig. 2D ) suggested that ATG2A was bound to ~6 molecules of NBD-PE. Thus, similar to VPS13 (Kumar et al., 2018) , ATG2A can sequester a large amount of lipids. Given that NBD-PE constituted only 20% of the total lipids of the vesicles, it is likely that even more lipids are bound to the protein. Collectively, these data demonstrate that ATG2A can extract NBD-PE from membranes and dissociate from the membrane with those lipids attached.
We next tested the unloading of fluorescent lipids from the protein. The bottom fractions from the extraction assay described above were collected and incubated with nonfluorescent LUVs (100% DOPC) or buffer as the control and were then resubjected to liposome flotation ( Fig. 2F ). After centrifugation, the fluorescence signal of the control remained in the bottom fraction, whereas that of the sample containing LUVs was detected not only in the bottom but also the top fraction ( Fig. 2G and 2H ). In both samples, the ATG2A proteins remained in the bottom fraction ( Fig. 2I ). These data indicate that ATG2A unloads NBD-PE onto LUVs during a transient interaction with the LUVs. The bottom fraction of the sample with LUVs yielded less (~33%) fluorescence signals than that of the LUV-free control. While this indicates that a substantial amount of lipids remained bound to the proteins, the signal reduction confirms the unloading of NBD-PE.
In conclusion, the lipid extraction and unloading capabilities of ATG2A demonstrated here define ATG2A as a lipid-transferring protein.
ATG2A transfers lipids between tethered membranes
The inefficient unloading observed above led us to hypothesize that tethering membranes by ATG2A could facilitate lipid transfer. We first examined whether lipids can be transferred between membranes tethered by ATG2A. To this end, we turned to our previous finding that ATG2A tethers SUVs efficiently ( Fig. 1B) and performed a kinetic fluorescence lipid transfer assay with ATG2A and SUVs (Fig. 3A ). In this accepted assay (Struck, Hoekstra, & Pagano, 1981) , two kinds of vesicles are prepared and used as a mixture: donor vesicles that contain a pair of fluorescent lipids-NBD-PE and Rhodamine-PE (Rh-PE)-and acceptor vesicles that contain neither of the fluorescent lipids. Initially, NBD fluorescence arises solely from the donor vesicles and is suppressed due to quenching by Rhodamine on the same vesicle. However, owing to the dilution, NBD fluorescence increases upon the transfer of NBD-PE (or both NBD-PE and Rh-PE) to the acceptor vesicles. To stabilize the ATG2A-SUV association, we prepared donor and acceptor SUVs by sonication and included 25% dioleoylphosphatidylethanolamine (DOPE) and 25% dioleoylphosphatidylserine (DOPS) in both vesicles. The role of PE was described above, and DOPS improves the ATG2A-membrane association . As shown in Fig. 3B , NBD fluorescence increased in the presence but not the absence of ATG2A proteins. A control experiment performed with no acceptor SUVs yielded no increase in NBD fluorescence. Thus, the signal increase observed in the presence of both SUVs resulted from the transfer of NBD-PE from the donor SUVs to the acceptor SUVs but not from the solubilization of NBD-PE by the proteins. Note that the increase in NBD fluorescence could also be explained by hemifusion or fusion between the donor and acceptor vesicles.
However, these possibilities are ruled out by our previous data showing that ATG2A-clustered liposomes are disassembled upon protease treatment . To further confirm this finding, we added sodium dithionite to the postreaction mixtures, which resulted in a decrease in NBD fluorescence in both samples-with and without protein-to the same level (~50% of the initial signal) ( Fig. 3B ). As explained in Fig. 3A , these results indicate that fusion did not occur.
The previous liposome flotation assays demonstrating the association of ATG2A with SUVs involved a 1.5-hr centrifugation step, allowing us to assume that most of the ATG2A proteins would remain associated with SUVs during the time course of the lipid transfer experiment. Under this assumption, the excess substrate SUVs in the reaction would be left unused, thus limiting the dynamic range of the signal (plateau) for a given concentration of ATG2A. We therefore performed a titration of ATG2A. Overall, the results showed that ATG2A facilitates lipid transfer in a concentration-dependent manner (Fig. 3C ). For ATG2A concentrations of up to 20 nM, the rate increased linearly, confirming that the reaction was catalyzed by ATG2A ( Fig. 3D ). Beyond this concentration, the rate increase became nonlinear, indicating that the number of substrate SUVs became limiting. Moreover, the rates at these concentrations are underestimated due to overly fast reaction kinetics. For each time course, the signal first increased rapidly and then plateaus.
Importantly, the plateau, defined as the signal at the final time point of each time course, increased as the protein concentration increased (Fig. 3E ), indicating that lipids were transferred between tethered vesicles.
Note that the plateau did not increase linearly with the protein concentration, further suggesting that the substrate SUVs were limiting. In addition, our initial assumption seems imperfect, because accurately, the signals continued to increase very gradually. This phenomenon suggests slow turnover of ATG2A, i.e., ATG2A occasionally dissociates from the donor or the acceptor, or even both, and acts on another vesicle, at least under these experimental conditions. These deviations from ideal kinetics, however, do not affect our conclusion that ATG2A can transfer NBD-PE between the tethered membranes.
We also tested a mutant protein, referred to as ATG2A 12×D , in which twelve hydrophobic residues in the amphipathic helices in the CLR are mutated to aspartic acid . Although CLR fragments containing these mutations cannot bind to membranes, and the mutations include a similar set of mutations that impair autophagy (Tamura et al., 2017) , ATG2A 12×D is competent in membrane tethering in vitro . As shown in Fig. 3F -3H, ATG2A 12×D exhibited lipid transfer activity similar to that of wild-type ATG2A, indicating that ATG2A 12×D transfers NBD-PE between the tethered membranes. Notably, the transfer rate and plateau are slower and lower, respectively, than those for the same concentration of wild-type ATG2A. The slower rate could indicate that the CLR contributes directly to lipid transfer. Given its affinity for membranes, the CLR may interact directly with the lipids being transferred, thereby affecting the rate of lipid transfer. However, such a role of the CLR would not explain the lower plateaus, which instead indicate that the membrane tethering activity of ATG2A 12×D is less potent than that of wild-type ATG2A. We previously reported that the 12×D mutation marginally altered the membrane tethering activity . However, the dynamic light scattering and vesicle pull-down experiments utilized to monitor membrane tethering in the previous study are not very sensitive to a small decrease in the tethering activity of each molecule because tethering of freely diffusing liposomes leads to their clustering, which is facilitated by a multivalent effect involving multiple tethering molecules; therefore, the outputs of these experiments (the sizes of the clusters in the dynamic light scattering assays or the numbers of vesicles in the clusters in the vesicle pull-down assays) would not scale with the numbers of these molecules. In contrast, the kinetic lipid transfer assay should be more sensitive than these other assays, because lipid transfer is measured as the sum of all individual transfer events, each of which is catalyzed by one molecule; therefore, the output scales with the number of molecules. The contribution of the CLR to membrane tethering is consistent with the findings that the CLR fragment can bind to membrane vesicles through its amphipathic helical regions and that the corresponding region of yeast Atg2 is essential for the Atg2-membrane association (Kotani et al., 2018) . Further work is required to clarify whether the CLR also plays a direct role in lipid transfer. Regardless of the precise role of the CLR, however, the presented results confirm that the rod region of the ATG2A protein is the core catalytic domain for both membrane tethering and lipid transfer.
WIPI4/1 facilitates ATG2A-mediated lipid transfer
Next, we sought to directly test our hypothesis that membrane tethering facilitates lipid transfer. To compare lipid transfer between tethered membranes and nontethered membranes, we turned to our previous finding that the ATG2A-WIPI4 complex but not ATG2A alone can tether a PI3P-containing LUV to a PI3P-free LUV (Fig. 1D ). The lipid transfer assay was adapted for this condition by replacing liposomes with LUVs, with the donors containing PI3P and the acceptors containing no PI3P (Fig. 4A ). In the absence of WIPI4, ATG2A (100 nM) slightly increased NBD fluorescence ( Fig. 4B ), suggesting that ATG2A can transfer lipids between nontethered donors and acceptors but does so inefficiently. Strikingly, the addition of WIPI4 to ATG2A resulted in the acceleration of lipid transfer in a WIPI4 concentration-dependent manner, whereas the signal was not altered with WIPI4 alone (100 nM), demonstrating that WIPI4 facilitates ATG2A-mediated lipid transfer. Notably, the lipid transfer rate increased linearly with the concentration of WIPI4 and nearly saturated at the 1:1 stoichiometric concentration of WIPI4 to ATG2A (Fig. 4C) , consistent with the strong interaction between WIPI4 and ATG2A. Based on these data, the above finding that ATG2A alone can transfer lipids between tethered SUVs, and the observation that the ATG2A-WIPI4 complex tethers PI3P-containing LUVs to PI3P-free LUVs , we concluded that lipid transfer is facilitated by ATG2A-mediated membrane tethering.
In the experiment described above, PI3P was included in the donor vesicles, orienting the ATG2A-WIPI4 complex such that the WIPI4-CAD tip is bound to the donor and the N tip to the acceptor (Fig. 4A ). NBD fluorescence increases mostly upon the transfer of NBD-PE from the donor to the acceptor vesicles, suggesting that ATG2A-mediated lipid transfer could be unidirectional. To examine this possibility, we reversed the orientation of the ATG2A-WIPI4 complex by including PI3P only in the acceptor vesicles (Figs. 4D). The lipid transfer experiments with this new pair of LUVs in the absence of WIPI or the presence of the stoichiometric concentration of WIPI4 showed lipid transfer rates similar to those found in the above experiment ( Fig. 4E and 4F ). Thus, ATG2A-mediated lipid transfer in vitro is an exchange reaction.
Four mammalian WIPI paralogs have been reported to function in different stages of autophagosome biogenesis (Proikas-Cezanne et al., 2015) . The tight binding between WIPI4 and ATG2A has been advantageous for the structural and biochemical studies conducted thus far, but we wanted to determine whether other WIPIs can facilitate ATG2A-mediated lipid transfer. Among the other three WIPIs, we succeeded in obtaining only the WIPI1 protein with sufficient stability and quantity for these biochemical assays. As shown in Fig. 4G , ATG2A-mediated lipid transfer was accelerated in the presence of WIPI1.
However, unlike with WIPI4, the increase in the rate occurred only up to the WIPI1:ATG2A stoichiometric concentration; further additions of WIPI1 beyond this concentration resulted in decreases in the rate (Fig.   4H ). As described later, this suppression appears to be due to WIPI1-induced aggregation of PI3Pcontaining vesicles. Thus, we concluded that in principle, WIPI1 can also facilitate ATG2A-mediated lipid transfer.
WIPI4/1 and ATG2A cooperatively associate with PI3P-containing membranes
The facilitation of ATG2A-mediated lipid transfer by the WIPI4 and WIPI1 proteins demonstrated above suggests that ATG2A is recruited to PI3P-containing membranes by these WIPI proteins. Although we previously did not examine the membrane binding of ATG2A in the presence of WIPI4, our observation that the ATG2A-WIPI4 complex mediated membrane tethering involving PI3P-containing LUVs implied that WIPI4 recruits ATG2A to the membrane . Because the ability of WIPI1 to recruit ATG2A has not been reported, we investigated the membrane recruitment of ATG2A directly. To this end, we first examined the bimolecular interaction between WIPI1 and ATG2A using an affinity pulldown assay, which detected no binding of free WIPI1 to bead-immobilized ATG2A (Fig. 5A) . To explain the ability of WIPI1 to facilitate ATG2A-mediated lipid transfer, we hypothesized that WIPI1 and ATG2A cooperatively associate with PI3P-containing membranes, as shown previously for yeast Atg18 and Atg2 (Kotani et al., 2018) . To test this hypothesis, we performed liposome flotation assays with 5% PI3Pcontaining LUVs and the WIPI4/1 and ATG2A proteins. In the experiments with WIPI4 only, the top fractions contained WIPI4, but the amount of WIPI4 was much lower than that in the bottom fractions ( Fig.   5B; lanes 4-9) . In contrast, WIPI1 was mostly recovered from the top fractions ( Fig. 5B; lanes 13-18) . Thus, both WIPIs bind to these 5% PI3P-containing LUVs, but WIPI4 binds less strongly than WIPI1, consistent with the results of the previous study that demonstrated WIPI-membrane interactions by sedimentation assays (Baskaran, Ragusa, Boura, & Hurley, 2012) . As expected, ATG2A alone did not bind stably to these LUVs (Fig. 5C; lanes 4-6) . In stark contrast, in the presence of WIPI4, ATG2A was recovered almost completely from the top fractions ( Fig. 5C; lanes 7-12) , and WIPI4 recovery from the top fraction (~100% at 100 nM) was improved greatly compared to that in the WIPI4-only experiments (~20% at 100 nM) (Fig.   5B, lanes 4-9) , indicating that WIPI4 and ATG2A cooperatively associate with PI3P-containing membranes.
The experiments with WIPI1 yielded similar results ( Fig. 5C; lanes 13-18) , demonstrating ATG2A recruitment to PI3P-containing membranes in the presence of WIPI1. Thus, WIPI1 appears to have an affinity for ATG2A that is too low to detect by the affinity pull-down assay but sufficient to synergize with the weak interaction between ATG2A and the PI3P-containing membranes for ATG2A recruitment. The percentages of ATG2A proteins recovered from the top fractions in the presence of WIPI1 (~60%) (Fig.   5C; lanes 13 and 16) were slightly lower than those in the presence of WIPI4 (~100%) (Fig. 5C; lanes 7 and 10), at least partially explaining the slower lipid transfer observed with WIPI1 than with WIPI4 at the stoichiometric concentration (100 nM) with ATG2A. In conclusion, in the presence of either WIPI protein, ATG2A binds stably to PI3P-containing membranes, providing the basis for WIPI-enabled membrane tethering and lipid transfer as demonstrated above.
WIPI1 clusters PI3P-containing liposomes
In the experiments with WIPI1, we observed that the solutions containing 300 nM WIPI1 and PI3Pcontaining LUVs became slightly cloudy, which induced us to ask whether WIPI1 clusters those LUVs. To investigate this possibility, we performed turbidity assays with PI3P-containing LUVs and WIPI proteins and observed that the turbidity increased in a WIPI1 concentration-dependent manner (Fig. 6A ), indicating vesicle clustering by WIPI1. The electron micrographs of the PI3P-containing LUVs with 300 nM WIPI1
show massive liposome aggregation, confirming the clustering (Fig. 6B ). The liposome clustering was limited to WIPI1 because in the presence of WIPI4, the turbidity did not increase (Fig. 6A) , and the liposomes were spread out in the EM images (Fig. 6B) . The concentration dependence of WIPI1 clustering activity correlated with that of the suppression in lipid transfer shown above ( Fig. 4G and 4H) . Thus, WIPI1induced aggregation of PI3P-containing donor LUVs would result in the sequestration of the proteins and donor LUVs from the PI3P-free acceptor LUVs, leading to the suppression of ATG2A-mediated lipid transfer at higher concentrations of WIPI1.
Discussion
The results of yeast studies suggested that the Atg2-Atg18 complex directly tethers the phagophore to the ER (Gomez-Sanchez et al., 2018; Kotani et al., 2018) . Atg18 is on the edge of PI3P-positive phagophores (Graef et al., 2013; Suzuki et al., 2013) , directing the CAD tip of Atg2 to the phagophore and the N tip to the ER (Graef, 2018) . ER anchoring by the N tip was demonstrated by Kotani et al., who created an autophagy-deficient Atg2 mutant by deleting the N-terminal 21 residues and restored autophagic activity by genetically fusing the transmembrane domain of the ER resident Sec71 protein to the N-terminus of the mutant (Kotani et al., 2018) . In mammals, the precise locations of ATG2A/B on the expanding phagophore have not been established. However, WIPI4 has been shown to localize to the "omegasome" (Lu et al., 2011) , the PI3P-positive transient region between the ER and the phagophore (Axe et al., 2008) . Since WIPI4 and ATG2A bind cooperatively to PI3P-containing membranes (Fig. 5B ), ATG2A is also likely recruited to the omegasome. According to previous electron tomography studies, omegasomes correspond to the thin tubular membranes that link the ER and the phagophore (Hayashi-Nishino et al., 2009; Uemura et al., 2014) . Because this linker region and the phagophore are both PI3P-positive, it seems to be reasonable to consider that the omegasome represents the edge of the phagophore. The previous observations that the omegasome marker DFCP1 is localized adjacent to ATG proteins (Axe et al., 2008; Itakura & Mizushima, 2010 ) support this assumption. Furthermore, the representation of the phagophore edge by the PI3Penriched omegasome is consistent with the PI3P-enrichment at the growing edge of the phagophore observed in yeast (Obara, Noda, et al., 2008) . Thus, we now place the ATG2-WIPI complex between the ER and the phagophore edge, similar to the location suggested for the yeast Atg2-Atg18 complex (Kotani et al., 2018) . Direct tethering of the ER and the phagophore edge by the ATG2-WIPI complex would allow the transfer of ER lipids to the phagophore, driving phagophore expansion (Fig. 7A ).
This model of phagophore expansion explains why and how the edge of the phagophore remains associated with the ER during its expansion (Graef et al., 2013; Suzuki et al., 2013) and why autophagosome membranes are of thinner types like the ER membrane (Arstila & Trump, 1968) but are devoid of ER proteins/markers such as cytochrome P-450, Dpm1, and GFP-HDEL (Suzuki et al., 2013; Yamamoto, Masaki, Fukui, & Tashiro, 1990) . The recent observation that the ER-staining lipophilic dye octadecyl rhodamine B also stains the phagophore in yeast (Hirata, Ohya, & Suzuki, 2017) can be explained by the ATG2-mediated transfer of this lipophilic dye from the ER to the phagophore. Thus, phagophore expansion based on ATG2-mediated lipid transfer agrees with many previous lines of evidence. The high lipid binding capacity and membrane tethering-facilitated lipid transfer activity of ATG2A would enable this protein to transfer a large amount of lipids rapidly, an advantage for de novo membrane construction. Indeed, autophagosome formation is completed in ~5-10 min (Fujita et al., 2008; Geng, Baba, Nair, & Klionsky, 2008; Mizushima et al., 2001) , and ATG2A-mediated lipid transfer between SUVs in vitro is mostly completed in a similar time frame (Fig. 3B) . Notably, at least the edge of the phagophore is highly curved with a diameter of ~30 nm (Nguyen, Shteyn, & Melia, 2017) , similar to the characteristics of SUVs. Thus, in principle, lipid transfer by ATG2A can account for the kinetics of phagophore expansion. An important implication that arises from this model is that to drive phagophore expansion, the equilibrium of ATG2Amediated lipid transfer must be shifted toward the phagophore. Currently, no mechanism that allows such directionality for phagophore expansion is known. In addition, the type of energy that would be consumed in this process in vivo remains an important unknown.
The finding that WIPI proteins facilitate ATG2A-mediated lipid transfer suggests that PI3P dynamics control phagophore expansion: the number of PI3P molecules on the phagophore would determine the number of ATG2 proteins, thereby regulating the overall rate of phagophore growth. A reduction in the PI3P level, which occurs toward the end of autophagosome formation (Axe et al., 2008) , would release ATG2 from the point of ER-phagophore contact, leading to the disruption of the contact and the cessation of phagophore expansion. This model of the regulation of phagophore expansion is supported by the previous observation that the overexpression of the PI3P-phosphatase myotubularin-related phosphatase 3 generates significantly smaller autophagosomes (Taguchi-Atarashi et al., 2010) . According to this model, the PI3P effectors Atg18/WIPIs play a pivotal role in correlating PI3P dynamics to phagophore expansion.
Atg18 partners primarily with Atg2, suggesting its linear relationship with phagophore expansion. In contrast, WIPI proteins, as a whole, play a broader role. For example, WIPI1/2 regulate the conjugation of LC3 family ubiquitin-like proteins to autophagosomal membranes (Bakula et al., 2017; H. E. Polson et al., 2010; H. E. J. Polson, Girardin, Wilson, & Tooze, 2014) , and WIPI3 recruits the autophagosome initiator FIP200 (Bakula et al., 2017) . Consistent with these ATG2A/B-independent functions, WIPI1/2 localize to the phagophore independently of ATG2A/B (Tamura et al., 2017; Velikkakath et al., 2012) , a behavior also consistent with the strong associations of these proteins with PI3P-containing membranes (Baskaran et al., 2012) . Furthermore, WIPI1 localizes not only to the edge of but also throughout the phagophore surface (Itakura & Mizushima, 2010) . This distribution of WIPI1 across the phagophore is similar to that of LC3, supporting a role of WIPI1 in LC3 lipidation. The direct link between WIPIs and ATG2A/B has been limited to WIPI4, but our work adds WIPI1 to this link. Despite the failure to detect its interaction with ATG2A ( Fig. 5A) , WIPI1 can recruit ATG2A to PI3P-containing membranes and facilitate ATG2Amediated lipid transfer (Fig. 5B) . These findings raise the important possibility that the yet-untested WIPI2 and WIPI3, which, like WIPI1, do not interact strongly with ATG2A/B (Bakula et al., 2017) , might also cooperate with ATG2A. The high sequence identity (~80%) between WIPI1 and WIPI2 (H. E. Polson et al., 2010) supports this potential role of WIPI2.
A notable difference between WIPI4 and WIPI1 in our study is the suppression of ATG2A-mediated lipid transfer that occurs at high concentrations of WIPI1 ( Fig. 4G and 4H ). While we suggested above that WIPI1-induced aggregation of PI3P-containing membranes would cause this suppression, we also note here that freely diffusible LUVs are not perfect models of the phagophore, which is a large double-membraned sac scaffolded by the ER that does not cluster unassisted. Therefore, we consider clustering-induced suppression to be an inevitable consequence of the LUV-utilizing in vitro experiment. Liposome clustering was likely induced by self-oligomerization of WIPI1, as has been reported for Atg18/WIPIs on membranes and in solution (Baskaran et al., 2012; Gopaldass, Fauvet, Lashuel, Roux, & Mayer, 2017; Scacioc et al., 2017) . Interestingly, the self-oligomerization of Atg18 on giant unilamellar vesicles tubulates the membrane (Scacioc et al., 2017) , and PI3P-positive thin tubular membranes at the phagophore edge (omegasomes) form clusters (Uemura et al., 2014) . Thus, WIPI1 may mediate the clustering of these membranes.
The coupling between the membrane tethering and lipid transferring activities of ATG2A suggests a "bridge" model of lipid transfer (Fig. 7B and 7C ). In this model, two membranes are stably tethered by ATG2, and lipids are transferred between the apposed membranes via ATG2. For ATG2 to serve as the path for lipid transfer, its hydrophobic cavity must be assumed to be extended almost completely from tip to tip so that lipids can slide through. Structural predictions propose such an elongated cavity for VPS13 (Kumar et al., 2018) , consistent with the finding that VPS13 and ATG2A can bind a large amount of lipids. A probable mechanism for lipid loading/unloading emerges from the attempt to provide a structural explanation for Kotani et al.' s data showing that the N-terminal 46 residues of Atg2 can localize to the ER in isolation and that the deletion of the N-terminal 21 residues impairs the membrane tethering activity of Atg2 in vitro (Kotani et al., 2018) . Those highly conserved residues at the N-terminus form an amphipathic helix with the hydrophobic side facing the cavity (Fig. S2) . A hinge-like conformational change in the loop succeeding the N-terminal helix could flip out the helix and allow it to dock onto a membrane surface. Concomitantly, the cavity would be opened and docked to the membrane, allowing lipids to flow in. Such role of the Nterminal helix as the membrane anchor is also supported by the aforementioned data that the N-terminal 21 residues can be replaced by a transmembrane domain (Kotani et al., 2018) . No structural information regarding the CAD tip is available, but we speculate that a similar mechanism might apply to this opposing tip because lipid transfer is facilitated by membrane tethering involving the CAD tip. Moreover, the bridge mechanism holds in the presence of WIPI proteins (Fig. 7C ). Because they are adjacent to the CAD tip, WIPI4/1 would stabilize the CAD tip-membrane association, thereby enabling the CAD tip to participate in lipid transfer. While the role of WIPI4/1 in recruiting ATG2A to the PI3P-containing membrane sufficiently explains the data presented above, WIPI4/1 may also activate the CAD tip, which may be essential when the surface of the substrate membrane has few defects. The bridge model can explain why ATG2A can extract lipids from membranes with few surface defects but inefficiently unloads lipids onto those membranes: in a transient interaction with those membranes, ATG2A extracts lipids via only one of its two tips. The loading of lipids into an empty cavity from a membrane-bound tip would be energetically favored, but unloading from the same tip might not be, because lipids in the cavity are bound to the protein and would diffuse only slowly out of a cavity in which the opposite end was closed (Fig. 7D) . Given that the N tip would have a higher affinity to LUVs than the CAD tip, loading from the N tip could be more probable than loading from the CAD tip in the nontethered situation. However, the CAD tip does have an affinity for LUVs, as evidenced by the cooperative binding of ATG2A and WIPI4/1 to PI3P-containing LUVs, which must be contributed by the CAD tip. When tethered, both tips are open to membranes, allowing lipids to diffuse more rapidly onto the ATG2 bridge ( Fig. 7B and 7C) . Future studies toward the elucidation of the mechanism of ATG2-mediated lipid transfer will build upon the bridge model described here. (EMD-8899) of the ATG2A-WIPI4 complex is shown with docked homology models of WIPI4 and the ATG2A N-terminus as well as additional information regarding the C-terminal regions. The homology models were obtained from the I-TASSER server (Roy, Kucukural, & Zhang, 2010) , and the molecular model was generated using ChimeraX (Goddard et al., 2018) . 
Materials and Methods
Protein expression and preparation
Human ATG2A and WIPI4 were expressed and purified as described previously .
Human WIPI1 was expressed and purified using the same procedure used for WIPI4. ATG2A was genetically fused to an N-terminal TEV protease-cleavable glutathione S-transferase (GST) and to a Cterminal PreScission protease-cleavable TwinStrepII (TS) tag. The GST tag but not the TwinStrepII tag was removed during the purification. Purified ATG2A-TS was dialyzed against 20 mM HEPES (pH 7.5), 150 mM NaCl, and 1 mM Tris(2-carboxyethyl)phosphine (TCEP) and used for assays. WIPI4 and WIPI1
were expressed with N-terminal TEV protease-cleavable ten-histidine (10×His) and six-histidine (6×His) tags, respectively. WIPI4 and WIPI1 proteins from which the His tags were removed were used in the lipid transfer assays, and those with uncleaved His tags (10×His-WIPI4 and 6×His-WIPI1) were used in the liposome flotation assays.
NBD-PE lipid extraction assay
Lipids (Avanti Polar Lipids) were mixed in a glass tube at a molar ratio of 80% 1,2-dioleoyl-sn-glycero-3phosphocholine (DOPC) and 20% 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3benzoxadiazol-4-yl) (NBD-PE) dissolved in chloroform and dried under a stream of nitrogen gas. The obtained lipid film was further dried under a vacuum for 30 min and then hydrated in 20 mM HEPES (pH 7.5) and 150 mM NaCl. The hydrated lipids were subjected to seven freeze-thaw cycles using liquid nitrogen and a water bath set to 42˚C. The resulting LUV solution was passed more than 20 times through a polycarbonate filter membrane with a pore size of 100 nm using the extruder from Avanti Polar Lipids, Inc. The prepared LUVs were stored at 4˚C in the dark. A 200 nM concentration of ATG2A protein was mixed with 100 nM LUVs in 20 mM HEPES (pH 7.5), 150 mM NaCl, and 1 mM TCEP (total volume, 37.5 µL). 
NBD-PE lipid unloading assay
LUVs containing 100% DOPC were prepared exactly as described above. ATG2A loaded with NBD-PE was collected from the bottom fraction of the extraction assay described above, and DOPC-containing LUVs were added to this fraction at a final concentration of 100 nM. After a 1-hr incubation, 80% Nycodenz solution was added to the mixture to adjust the Nycodenz concentration to 40%. This solution (75 µL) was placed at the bottom of a centrifuge tube, and 30% Nycodenz (475 µL) and 0% Nycodenz (50 µL) were sequentially placed above the bottom solution. The tube was centrifuged as described above. The top and bottom fractions (80 µL each) were collected and subjected to SDS-PAGE analysis. The gels were scanned on Typhoon 9410 imager for quantification of fluorescence, followed by CBB staining to visualize proteins.
Lipid transfer assay
The following liposomes were prepared as described above: donor SUVs-46% DOPC, 25% 1,2-dioleoylsn-glycero-3-phosphoethanolamine (DOPE), 25% 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), 2% NBD-PE, and 2% 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh-PE); acceptor SUVs-50% DOPC, 25% DOPE, and 25% DOPS; PI3P-containing donor LUVs-5% PI3P, 46% DOPC, 25% DOPE, 20% DOPS, 2% NBD-PE, and 2% Rh-PE; PI3P-free acceptor LUVs-50% DOPC, 25% DOPE, and 25% DOPS; PI3P-free donor LUVs-46% DOPC, 25% DOPE, 25% DOPS, 2% NBD-PE, and 2% Rh-PE; and PI3P-containing acceptor LUVs-5% PI3P, 50% DOPC, 25% DOPE, and 20% DOPS. Proteins were mixed with 25 µM (concentration of lipids) donor and acceptor vesicles in a cuvette and placed in a fluorimeter (Photon Technology International) at 30˚C (only for the experiment shown in Fig. 3B ) or 25˚C. NBD fluorescence was recorded at an excitation wavelength of 460 nm and an emission wavelength of 535 nm every 1 second (Fig. 3) or 30 seconds (Fig. 4) . At the end of each reaction, Triton X-100 was added to the reaction mixture to a final concentration of 0.1% (v/v) to solubilize all lipids and therefore maximize NBD fluorescence. All data points in each time course were normalized to the maximum fluorescence value. For the dithionite experiments, sodium dithionite dissolved in 50 mM Tris (pH 10) was added to the postreaction mixture at a final concentration of 5 mM. Rates were obtained by linear regression of the initial points in the time course data (5-25 seconds for Fig. 3 and 30-300 seconds for Fig. 4 ). Plateaus were defined as the normalized NBD fluorescence signals at the final time point of each time course.
Affinity pull-down assay
ATG2A-TS was loaded onto Strep-Tactin Superflow beads in buffer containing 20 mM HEPES (pH 7.5), 150 mM NaCl, 0.5 mM TCEP, 20% glycerol, and 0.1% Triton X-100. After loading, the beads were rigorously washed with buffer and were then mixed with His-WIPI1. After ~5 min of incubation, the tube was centrifuged to collect the beads. The beads were washed three times, after which proteins were eluted in the same buffer supplemented with 5 mM desthiobiotin. The input and eluate solutions were subjected to SDS-PAGE.
Liposome flotation-based binding assay
Liposome flotation assays were performed as described previously . Briefly, ATG2A, WIPI4, and WIPI1 proteins were mixed with 25 µM LUVs (5% PI3P, 49% DOPC, 25% DOPE, 20% DOPS, and 1% 1,1'-Dioctadecyl-3,3,3',3'-tetramethylindodicarbocyanine perchlorate (DiD) (Marker Gene Technologies)) as indicated in Fig. 5B and 5C in 150 µL of buffer containing 20 mM HEPES (pH 7.5), 150 mM NaCl, 1 mM TCEP, and 40% Nycodenz at the bottom of centrifugation tubes. A layer of 400 µL of 30% Nycodenz buffer was placed on the top of each sample, and a layer of 50 µL of 0% Nycodenz buffer was then placed on top. Tubes were centrifuged as described above. The top (150 µL), middle (300 µL), and bottom (150 µL) fractions were collected from top and analyzed by western blotting using anti-StrepII and anti-His tag antibodies.
Turbidity assay
A 25 µM concentration of LUVs (5% PI3P, 50% DOPC, 25% DOPE, 20% DOPS) was mixed with 100, 200, or 300 nM WIPI1 or WIPI4 in 20 mM HEPES (pH 7.5), 150 mM NaCl, and 1 mM TCEP and incubated at ~22˚C in a 50 µL cuvette placed in an Ultraspec 2000 UV spectrophotometer (Pharmacia Biotech). The optical density (OD) at 400 nm was recorded every 10 seconds.
Negative stain electron microscopy
LUVs (100 µM) were mixed with 300 nM WIPI4 or WIPI1. After incubation for 5 min at ~22˚C, a 3 µL drop of the mixture was placed on a glow discharge continuous carbon grid (Electron Microscopy Science) and stained with 2% uranyl acetate. Grids were imaged at a magnification of 11,500 × on an FEI Tecnai F20 transmission electron microscope operating at 200 keV.
